In situ end-labeling (ISEL) identifies DNA fragmentation in apoptotic or necrotic nuclei in tissue sections. However, application of ISEL on human brain requires conservation of DNA integrity during the postmortem delay (PMD) and good accessibility of fragmented DNA after (prolonged) tissue furation. We therefore investigated ISEL in relation to PMD and fixation in rat and human brain. Application on a unilateral lesion model in perfused rat brain revealed that prolonged post-fixation strongly diminished ISEL results. However, mictowaVe pre-treatment can counteract these masking effects without inducing nonspecific labeling contralaterdy. On the other hand, in briefly post-fmed, perfused brain or immersion-fixed rat and human PMD brain.
Introduction
The recent development of the in situ end-labeling (ISEL) technique (Iseki, 1986) facilitates detection of apoptotic cells (Kerr et al., 1972; Wyllie, 1991) in routinely fixed biopsy samples and tissue specimens (Gold et al., 1993; Wijsman et al., 1993; Gavrieli et al., 1992; Thiry, 1992; Fehsel et al., 1991) . This method is based on the recognition of 3'-OH ends of DNA by terminal deoxynucleotidyl transferase (TdT) that incorporates biotinylated oligonucleotides at the sites of these DNA breaks. Recently, it was recognized that TdT specifically labels apoptotic DNA (Kressel and Groscurth, 1995; Gold et al., 1994) . Although ISEL is presently widely used to identify apoptosis in diverse fields such as development, tumor biology, and aging research (Lassmann et al., 1995; Kasagi et al., 1994; Migheli et al., 1994; Mori et al., 1994; Pollard Supported by the Netherlands Organization for Scientific Research ( W O ; grant 900-522-083 (PJL), the Netherlands Praeventiefonds (MVLC, JPV), and the Dutch Cancer Society UHVD). * Correspondence to: Paul J. Lucassen, Netherlands Institute for Brain Research, Meibergdreef 33. 1105 A 2 The Netherlands. microwave pre-treatment was deleterious and induced strong nonspecific labeling. In young rat brain, PMD did not influence the low numbers of apoptotic nuclei until 24 hr PMD, when massive nuclear labeling occurred. In human cortex, DNA fragmentation patterns were independent of duration of fixation or PMD and were already present from 4.25 hr PMD onwards. Our data suggest that ISEL on human brain represents antemortem DNA damage rather than PMD artifacts. Furthermore, microwave pre-treatment appears beneficial only in particular fixation conditions. ( J Hisrochem Cyrocbem 43: [1163] [1164] [1165] [1166] [1167] [1168] [1169] [1170] [1171] 1995) KEY WORDS: Apoptosis; In situ end-labeling; Brain; DNA damage; Postmortem delay; Microwave; Cortex; Rat; Human. Cohen, 1993; Schwartzman and Cidlowski, 1993; Monti et al., 1992) . it does in fact not detect apoptosis itself but rather the associated fragmentation of DNA at the single cell level (Feh-se1 et al., 1994; Peitsch et al., 1993) . It may therefore also stain nuclei of necrotic cells or phagocytized apoptotic bodies (Gold et al., 1994; Wijsman et al., 1993) .
To study patterns of neuronal death in human brain, conservation of DNA integrity during postmortem delay (PMD) and during tissue processing is essential. Potentially important factors in this respect are temperature and molarity both of which might induce unwinding of DNA, and the pH of fixative or buffers, which might induce additional DNA breaks due to acid hydrolysis (Wijsman et al., 1993; Iseki, 1986 ). In addition, although post-fixation usually improves tissue morphology, prolonged fixation may mask antigens in immunocytochemistry (Lucassen et al., 1993; and, in the case of ISEL, may also conceal fragmented DNA and thus prevent enzyme recognition (Wijsman et al., 1993; Iseki, 1986) . The potential importance of PMD can be deduced from the presence of lysosomal DNAses that might degrade neuronal DNA and thus interfere with ISEL results (Iseki, 1986) . This possibility was reinforced by the finding of a linear relationship between PMD and the number of DNA breaks present per nucleus in both rat and human brain (Mullaart et al., 1990a.b) .
With the ultimate aim of applying ISEL as a marker for DNA damage on human brain tissue, we performed parametric studies in relation to PMD and (post)fixation time and investigated the unmasking effects of proteinase K (PK), acidic, dephosphorylation, and microwave (MW) pre-treatments (Lucassen et al., 1993; Thiry, 1992; Grundke-Iqbal et al., 1986) on two models of DNA damage in rat brain and on human brain. (a) An excellent model system for neuron death was provided by neonatal rats that were unilaterally injected with NMDA intrastriatally and perfusion-fixed 24 hr later. Because rats of this age are particularly vulnerable to NMDA, they were used both to optimize ISEL on brain tissue and to study the influence of post-fixation duration. In this model of excitotoxic injury, large amounts of apoptotic and necrotic nuclei occur unilaterally in the hippocampus, cerebral cortex, and more ventrally, as well as in the mammillary nucleus (MN) (Van Lookeren Campagne et al., 1995) . The contralateral side of the brain served as an internal control because it was not affected by the NMDA injection. (b) Furthermore, to monitor possible changes in DNA integrity with increasing PMD, we applied ISEL on a PMD series of young adult rats (6 weeks of age) because at this age no strong developmental apoptotic processes were to be expected. (c) In addition, we studied a PMD series of human occipital cortex tissue of age-matched control patients.
Materials and Methods

Brain Tissues Used
NMDA-treated Rat Brain. Intrastriatal injections of NMDA or vehicle were performed in postnatal Day 7 pups as described earlier (McDonald et al., 1988) . These experiments were approved by the Amsterdam Animal Experimental Committee, Briefly, injections were performed in etheranesthetized rat pups with a 5-pI Hamilton syringe that was positioned in the left striatum 2.5 mm lateral to the bregma at a depth of 4 mm (Zilles, 1985) . Control animals (n = 4) received 0.5 pI of 50 mM Tris-HCI buffer (pH 7.4). Experimental animals were injected with 0.5 pl of Tris-HCI containing 20 nmol of NMDA (n = 6). Twenty-four hours later, animals were perfused with 0.9% NaCl followed by 4% paraformaldehyde, decapitated, and the heads left in the same fixative overnight at 4"C, after which the brain was removed and post-fixed for 3 or 10 days in fixative that was refreshed daily before paraffin embedding (Histowax). Seven-pm sections were mounted on aminoalkylsilane (AAS)-coated slides (Henderson, 1989) .
Postmortem Rat Brain Series. To investigate the influence of PMD on ISEL staining, a postmortem series consisted of 16 male Wistar rats (6 weeks of age) raised at our Institute, which had been sacrificed by decapitation, after which the head was left for 0, 1, 2, 3, 6, 12, 16, or 24 hr at room temperature (RT). At the times indicated, the brain was removed from the skull and sagittally cut. The left hemisphere was immersion-fixed in freshly prepared 4% formaldehyde in neutral PBS (pH 7.4) for 3 days at RT and then embedded in paraffin (Histowax). The right hemisphere was used for additional biochemical studies (not shown here).
Postmortem Human Brain Series. Human brain material was obtained from the Netherlands Brain Bank (Coordinator, Dr. R. Ravid) with PMDs and fixation times as indicated ( Table 1) . To compare our ISEL studies with earlier biochemical data of Mullaart et al. (1990b) , who described effects of PMD on the occurrence of DNA damage in human brain tissue, a PMD series was composed of occipital cortices. A selection was made of 15 agematched control subjects without any primary neurological disease and with increasing PMDs ranging from 3 hr 45 min to 44 hr 30 min ( Table 1) . Tissue was immersion-fixed in 4% formaldehyde in neutral PBS (pH 7.4) for different periods of time, ranging from 32 to 320 days of fixation, and embedded in paraffin afterwards (Histowax). Ten-pm sections from both human and rat postmortem brain were cut on a Leitz microtome and mounted on AAS slides using a waterbath filled with distilled water (DW) at 48°C. The sections were left to dry for 2 days at 37'C.
Tissue Pre-treatments Before ISEL
In the present study, we applied proteinase K (PK), dephosphorylation, acid, and microwave (MW) pre-treatments to investigate possible enhancement of ISEL detection level. PK (Sigma; St Louis, MO) was applied at concentrations of 5 , 10, 20, and 40 pg/ml in PK buffer (10 mM Tris, 2.6 mM CaC12, pH 7.0) for 15 min at RT. In addition, because blocked termini caused by phosphorylation of the 3'-OH DNA ends have been suggested to be involved in postmortem or apoptotic processes (Chaudun et al., 1994; Matsuo et al., 1994) , dephosphorylation (Grundke-Iqbal et al., 1986) was performed before ISEL, using 25 Ulml alkaline phosphatase (Boehringer; Mannheim, Germany) in dephosphorylation buffer at 37°C for 45 min according to the manufacturer's instructions.
pH Influences. Because HCI or formic acid pre-treatments that have been effectively used (e.g., for in situ hybridization or immunocytochemistry) Swaab et al., 1992; Kitamoto et al., 1987) might in theory induce additional DNA breaks due to acid hydrolysis, we investigated pH influences by pre-treating sections either with formic acid (pH 0.0) for 30 min or HCI (pH 2.0) for 60 min at RT.
Microwave Pre-treatments. MW-stimulated antigen retrieval has been applied successfully on formalin-fixed tissue sections (Shi et al., 1991) . In view of the importance of pH and temperature of the incubation fluid (Evers and Uylings, 1994) , MW procedures were adapted from earlier protocols (Lucassen et al., 1993; Shi et al., 1993) using citrate buffers with pH values of 3.0 and 6.0. In brief, after rehydration to Bis-buffered saline (TBS) (0.05 M Tris, 0.9% NaCI, pH 7.6) and DW, slides were washed in DW and placed in plastic coupling jars covered with loose-fitting caps that were filled with either tissue unmasking fluid (TUF) (pH 7.0) (Van den Berg et al., 1993) or citrate buffers with pH values of 3.0 or 6.0 for the human tissue. whereas for the rat tissue only citrate buffer was used. Jars were positioned in the middle of a Miele Electronic M 696 microwave oven operating at a frequency of 2450 MHz set at either SO'C or 90°C two times for 5 min. The temperature of S O T was chosen so as not to exceed the maximal temperature reached during paraffin tissue-embedding procedures. After incubation the jar was removed from the oven and allowed to cool for 15 min; then sections were rinsed in DW and placed in TBS, after which ISEL was performed.
In Situ End-labeling
ISEL was performed according to protocols described earlier (Wijsman et al., 1993; Gavrieli et al., 1992) , with minor adaptations. Briefly, rat and human brain tissue sections were deparaffinized twice for 15 min in xylene and hydrated from ethanol 100% (twice for 10 min) to ethanol 50% and DW. Subsequently. sections were pre-incubated with PK-buffer as mentioned earlier for 10 min and with PK concentrations (Sigma) of 5-40 pglml for I5 min at RT and washed three times for 5 min in DW. Sections were then incubated with terminal transferase (TdT) buffer (0.2 M sodium cacodylate, 0.025 M Tris-HCI and 0.25 mg/ml BSA, pH 6.6) for 15 min at RT and incubated for 30, 60, or 120 min at 37°C with a reaction mixture that contained 0.2 p1 TdT (Boehringer)/100 pl reaction mixture, 1.0 p1 biotin-16-dUTP (Boehringer)/lOO p1 reaction mixture and cobalt chloride (25 mmollliter; 5 % of the final volume). Incorporation of labeled oligonucleotides was ended by briefly rinsing the sections in DW and in PBS (pH 7.4) for 5 min at RT. Endogenous peroxidase activity was blocked with 0.1% H202 in PBS for 20 min at RT, after which sections were washed twice for 5 min in PBS, pre-incubated with PBS/I% BSA for 15 min, and incubated with peroxidase-conjugated avidin (ABC elite kit; Vector, Burlingame, CA) 1:lOOO in PBSll% BSA overnight at 4°C. After washing in PBS three times for 5 min, sections were incubated with 0.5 pglml diaminobenzidine (DAB) (Sigma) in 0.05 M TrislHCl (pH 7.5) with 0.02% H202 for 10 min, washed twice in DW, and lightly stained with methyl green as counterstain before mounting on coverslips. Positive controls were included in every experiment, consisting of either sections from rat prostate 3 days after castration, a treatment known to induce large numbers of apoptotic nuclei (English et al., 1989; Sandford et al., 1984) or of sections treated with DNAse I as described previously (Wijsman et al., 1993) . to introduce DNA breaks in all nuclei.
NMDA-treated: Perfusion-fixed Rut Brain
A high density of both apoptotic and normal-appearing labeled nuclei was found in the ipsilateral cingulate, frontal and parietal cortices, striatum, CA1 area, and dentate gyrus of the hippocampus and in the mamillary nucleus (MN), whereas the contralateral side and the saline-injected animals showed virtually no staining. Prolonging the time of TdT/biotin-16-dUTP incubation by 50% or 100% did not increase the numbers of nuclei displaying DNA fragmentation compared to adjacent sections from the same animals. Pre-treatment by dephosphorylation with alkaline phosphatase (AP) did not yield any difference compared to non-AP-treated sections from the same animal. In perfusion-fixed tissue, the number of neurons displaying DNA fragmentation was influenced by the duration of post-fixation. In perfused and lo-day post-fixed rat brain, labeling was generally weak, variable, and less pronounced than in the $day post-fixed tissue. As a consequence, the exact borders of the lesion were difficult to delineate (Figure la) . Higher PK concentrations, i.e., up to 40 pg/ml, induced nonspecific background levels, as could easily be observed in the contralateral side of the same brain, and worsened tissue morphology considerably (results not shown). However, MW pre-treatment at 90°C in citrate buffer (pH 3.0) of adjacent sections resulted in clear labeling of apoptotic nuclei both in the MN (Figure 2b ) and in other affected areas, such as the ipsilateral striatum and cortex, but not in the contralateral side of the brain (Figure 1b) ; the same MW pre-treatment at pH 6.0 was less pronounced (Table 2 ). MW pre-treatment at 50°C was not as effective in this tissue as at 90°C (Table 2 ). In contrast, in perfusion-fixed tissue that was post-fixed for 3 days and in the immersion-fixed adult rat brain tissue with a PMD of 3 and 6 hr, MW pre-treatment at 90°C induced nonspecific staining of almost every nucleus in the section ( Table 2) . For perfusion-fixed tissue with a post-fixation of 10 days, MW treatments in general had minimal adverse effects and gave more reproducible results than after pre-treatment of sections with increasing K concentrations.
PMD Rat Brain Series. In control brains of rats 6 weeks of age, no increase in numbers of stained nuclei with increasing PMD was observed. Only after a PMD of 16-24 hr did uniformly labeled nuclei appear. These nuclei were localized predominantly in areas close to the cutting edge, such the corpus callosum, the cingulate cortex, and the medial habenula (Figure k ) , whereas other more central areas were still devoid of labeling. In addition, at 24 hr PMD and at all shorter PMDs, including 0 hr, very low numbers (approximately 0-3 per section) of isolated and labeled nuclei displaying clear apoptotic morphology, such as condensed chromatin and apoptotic bodies, were found randomly distributed over the cerebral cortex, the subcortical white matter, and the hippocampus (Figures 3a and 3b ). Their frequency did not appear to change with increasing PMD.
Human PMD. After in situ end-labeling of the human occipital cortex, characteristic staining patterns of the cortical layers (i.e., Layers 11,111, IVc, and VI) were observed. The distribution and intensity was dependent on the anatomic localization (Figures 4b and  4c ; Table 1 ). After only 4.25 hr of PMD, e.g., strong labeling was present in Layers 11-V distributed over large parts of the cortex of Table 1 ). In contrast, after PMDs of, e.g., 8 or 9 hr , Table I ), no labeling was observed, whereas at a PMD of * 11 hr again extensive numbers of labeled nuclei were observed, predominantly in Layer IVc (patient No. 90-065, Table 1 ). In Area 17 of the occipital cortex, characteristic labeling patterns were present in neurons of Layers 111 and VI, with very extensive labeling in Layer IVc (Figures 4b  and 4a ), whereas other cortical gyri in the same patient, e.g., Areas 18 and 19, showed different patterns, with the strongest labeling mainly in nuclei of Layers I1 and 111 (Figure 4c ; Table 1 ). No typical apoptotic morphology was observed in the human brain tissues examined. At higher magnification, labeled neurons showed positive nuclear staining, sometimes with disrupted nuclear membranes (Figure 4a ). No clear relationship was observed between PMD and the density of nuclei displaying DNA fragmentation (Table 1) . Positive labeling was already present much earlier (i.e., at 4 hr 25 min PMD) than observed in the rat PMD series (i.e., at PMD of 16-24 hr). In addition, no obvious relation could be established between ISEL and fixation time, storage time of the tissue, or pH of the cerebrospinal fluid.
Parametric Studies and Pre-treatments of Human Brain Tissue. Prolonging the time of TdT incubation did not result in higher ISEL detection levels in human cortex tissue. Dephosphorylation with AP did not yield any difference compared to non-AP-treated sections from the same patient or the same animal. Furthermore, pre-incubations of adjacent sections of the same patients with and without hydrochloric acid (pH 2.0) did not show any difference in ISEL outcome. Formic acid (pH 0.0) however, caused strong nonspecific labeling of almost every nucleus (results not shown).
MW effects on immersion-fixed human and rat PMD tissue differed from the results in the rat perfusion-fixed tissue, in that in the human PMD series and in the rat PMD tissue tested (3 and 6 hr PMD) after 9 0 T MW pre-treatment with TUF or citrate buffer (pH 3.0 or pH 6.0), strong nonspecific labeling was induced in almost every nucleus throughout the entire tissue section (results not shown). In addition, MW pre-treatment at 50°C gave nonspecific results and was not effective (Table 2) .
Discussion
In the present study we investigated ISEL application on rat and human brain tissue in relation to fixation and PMD. To optimize ISEL-mediated detection of DNA damage, ISEL was first applied to a unilateral NMDA lesion model, allowing maximal ISEL detection without inducing nonspecific labeling in the contralateral side of the brain. Detection of DNA fragmentation in this model depended on the degree of protein cross-linking, which became clear after comparing the 3-and 10-day post-fixation, yielding a lesion area that was very difficult to delineate in the lo-day post-fixed tissue. This shows that in perfused brain tissue, the duration of post-fixation, and therefore the extent of protein cross-linking, is crucial for accessibility of DNA. Apparently, long-term formalin fixation induces an extensive tissue matrix, which obstructs enzymatic incorporation of nucleotides into DNA. In addition, Iseki (1986) suggested that differences in accessibility and in chromatin structure might result in varying rates of enzymatic incorporation.
Heating sections in a MW oven in citrate buffer of pH 3.0 enhanced ISEL in the lesion area without inducing nonspecific staining in the contralateral side of the same brain (Figures la and Ib) . In addition, MW pre-treatment allowed labeling of clearly apoptotic nuclei, e.g., in the ipsilateral mammillary nucleus, 24 hr after NMDA injection (Figure 2b ) that could not be labeled in adjacent sections, even after PK pre-treatments of 40 bg/ml (Figure 2a ). The beneficial effects of MW pre-treatment for ISEL were recently described, although for colon and thymus tissue samples and with much shorter fixation times than presently used for brain tissue (Strater et al., 1995) . As far as PK is concerned, others (Gold et al., 1994) have described beneficial effects of increasing PK concentrations. However, this discrepancy with our data very likely relates to differences in fixation time, which in their study was much shorter (3-48 hr) than in our study. In addition, differences in the PK batches and PK concentrations used may contribute to these findings.
In contrast, all MW pre-treatments tested on perfused rat brain with a short post-fixation of 3 days or on immersion-fixed rat and human brains were deleterious rather than beneficial, because extensive nonspecific staining was induced. Similar results were obtained in sections of perfused mouse brain after an overnight postfixation (PJ. Lucassen and A. Williams, unpublished results) , indicating that for perfusion-fixed tissue a minima1 duration of post-fixation is required to render MW pre-treatment before ISEL effective. Although human and rat tissue differ with respect to antemortem factors, our data indicate that immersion-fixed postmortem tissue does not benefit from MW pre-treatments before ISEL, which differs from MW application in immunocytochemistry, which was shown to be successful even after short fixation times (Iwamura et al., 1994; Munakata and Hendricks, 1993) . This difference might be explained by differences in temperature sensitivity and tissue distribution between proteins and DNA. MW-induced temperature changes will influence detection of nonspecific unwinding and fragmentation of DNA in every nucleus to a much greater extent than it will influence detection of considerably more heat-stable protein antigens with a restricted localization.
Application of ISEL on immersion-fixed young adult rat brain revealed apoptotic nuclei that could easily be identified in all the short PMDs investigated, including 0 hr PMD (Figures 3a and 3b) , i.e., many hours before a random DNA labeling at the cutting edges was observed. This indicates that if nuclei with high levels of apoptosis-associated DNA fragmentation are present, they are detected with ISEL independently of PMD. Apoptotic morphology was observed in very low numbers (0-3) per tissue section, mainly in cortex and hippocampus, i.e., areas in which naturally occurring cell death is known to occur. Detection of this developmental apoptosis has recently been described by means of ISEL (Ferrer et al., 1994) and is known to continue for up to at least 30 days after birth (Ferrer et al., 1992; Gould et al., 1991; Oppenheim, 1991) . Furthermore, in the rat PMD series random DNA breaks became visible only after 16-24 hr PMD in areas near the cutting edges (Figure 3c) but not in the central areas of the same section, suggesting that cutting of the brain contributes more to damaged DNA labeling after a certain PMD than PMD itself. These data deviate from earlier data based on the alkaline elution method showing that between 0 and 6 hr of PMD, threeto fourfold increases in numbers of single-strand DNA breaks in rat PMD brain could be measured (Mullaart et al., 1990a) . Although very suitable for localizing DNA fragmentation, ISEL appears less sensitive for detection of relatively small differences in DNA damage per nucleus compared with the alkaline elution method.
In human occipital cortex tissue, a strong increase was found in numbers of DNA breaks per nucleus between PMDs of 2.5 and 6 hr, using the alkaline elution method (Mullaart et al., 1990b) . Our ISEL data from control cortex tissue showed no consistent relationship with PMD or fixation time (Table 1) . For the different staining patterns observed between patients or between parts of the cortex (Figures 4b and 4c ; Table l ), no explanation can be given at present. This lack of correlation between PMD and ISEL results is confirmed by others (Lassmann et al., 1995) .
Furthermore, in spite of the often extremely long duration of fixation, clearly specific labeling was observed in 11 of the 15 cases (Table 1) Table I ), did not relate to ISEL results in the human series, as was to be expected on the basis of the findings in perfused and post-fixed rat brain. Apparently, in the human immersion-fixed tissue, fixation time has fewer masking effects compared to perfusion-fixation and does not seem to hamper detection of DNA fragmentation with ISEL as observed in perfused rat brain. In addition, the pH of the cerebrospinal fluid (CSF), which may be related to the activation of endonucleases and therefore to differences in DNA fragmentation patterns, was not clearly related to ISEL. No indications for an influence of the agonal state of the patient, for which the pH of CSF is considered a marker , on ISEL could be found. Since, in contrast, for mRNA conservation a recent relation with tissue pH was found (Kingsbury et al., 1995) , the possible relationship to pH should be further investigated.
The possibility that DNA is "washed out" during incubation in cases of very extensive fragmentation does not appear likely, because even in very long PMDs strong labeling in still very specific cortical layers was found (e.g., PMD 44 hr 30 min; Figures 4b and 4c ). In addition, the same observations do not support the possibility that PMDs this long might lead to overall labeling of every nucleus in the section.
In our present study, human tissue showed labeling independent of PMD or fixation time, whereas in the rat tissue strong labeling occurred only after 24 hr of PMD, suggesting a difference in PMD sensitivity between the two species. Previous data also showed species differences in induction of DNA damage with PMD (Mullaart et al., 1990a,b) . In human brain, using alkaline elution, a level of lo3 breakskell was reached as early as 6 hr PMD, whereas comparable levels in rat brain were reached only after 24 hr of PMD, suggesting either that DNA in human brain is more sensitive to postmortem processes or, alternatively, that antemortem factors may already have induced considerable DNA damage levels in human brain at the moment of death. Another possibility might be that differences in cooling rates of rat and human brain after death influence DNAse activation and thus contribute to these species differences in DNA fragmentation. This supports earlier data showing that many DNA breaks were rapidly induced in rat cortex kept at 37°C for 3 hr postmortem, whereas almost no breaks were induced in the same tissue kept at O'C, which was interpreted as an effect of endonucleases (Mullaart et al., 1990a) . However, to determine exactly what explains these differences in DNA breakdown between human and rat brain, additional biochemical research is needed.
ISEL appears to be considerably less sensitive to random DNA breakdown than, e.g., gel electrophoresis techniques, by means of which random breakdown of DNA in cortex tissue is already observed after 6 hr of PMD in rat brain (Tominaga et al., 1993) , a time point at which no staining is yet observed with ISEL. Our own gel electrophoresis studies on the right hemispheres of the rat PMD series (results not shown) confirmed well-known earlier reports in which random breakdown of DNA from the cerebral cortex was visible as a "smear" on the gel from 6 hr PMD onwards (Tominaga et al., 1993) without the presence of clear apoptotic "ladders." In this respect, Fehsel et al. (1994) estimated that approximately lo6 cells are needed for detection of ongoing DNA fragmentation or "DNA ladders" by gel electrophoresis, which leads us to suggest that although low-frequency apoptotic nuclei in the brain of 6-weekold rats can be seen rather easily with ISEL, these few nuclei are not necessarily detected by parallel gel electrophoresis studies unless larger numbers of cells are present. Southern blot studies have been suggested to improve sensitive detection of small amounts of DNA fragments (Ferrer et al., 1994) .
In conclusion, we report that for ISEL, MW application improves specific detection of fragmented DNA by counteracting the masking effects that occur after prolonged post-fixation of perfusionfixed rat brain. However, for other fixation conditions, MW application may be deleterious rather than beneficial for ISEL, since almost every nucleus was nonspecifically labeled after MW application in immersion-fixed rat and human PMD brain as well as in briefly post-fixed perfused rat brain. In general, the MW procedure turned out to be more reproducible and to have less adverse effects than increasing PK concentrations. Furthermore, apoptotic nuclei, most probably representing naturally occurring cell death, were observed in young adult rats at all time points investigated up to 24 hr of PMD, indicating that detection of apoptosis by ISEL is not influenced by PMD. No increase in labeled nuclei was observed until 16-24 hr of PMD, when large numbers of uniformly labeled, non-apoptotic nuclei occurred at the cutting edges, suggestive of random DNA breakdown. In human occipital cortex no relationship was found between patterns of DNA fragmentation and PMD or fixation time, indicating that for ISEL on human brain tissue PMDs up to 44 hr 30 min apparently are not a major concern.
